I. INTRODUCTION

E
VER growing demands and emerging applications of microwave and millimeter-wave frequencies require the development of high performance and compact front-end architectures at a low cost. In a multichip module (MCM) or system-on-package (SOP), a number of RF front-end building blocks often require off-chip lumped elements, which cannot be incorporated on-chip with required quality. Among the passive components, the inductor is one of the key components determining the performance of many high-frequency circuits. The design of embedded inductors in a multilayer (ML) MCM/SOP environment with compact size, high selfresonance frequency (SRF), and good quality factor (Q) is very critical and requires intensive 3-D electromagnetic simulation. Spiral inductors are used to realize high-value inductance (>1 nH) [1] . The performance of a coplanar waveguide (CPW) circular spiral inductor is superior to that of a square or rectangular spiral with bend discontinuities and couplings at the corners [2] . Yet, in most of the reported ML MCM/SOP technologies, square spiral is used due to its easier layout version for design and optimization of performance in 3-D em simulator. At the same time, in most of the commercially available 3-D em simulators (like HFSS) it is very difficult to draw the layout of a circular spiral. The circular spiral inductor is a technique of forming a planar inductor in a small space. The shape is described by an increasing radius with an angle. The most common type of spirals has radius functions and the equations used to algorithmically generate the spiral inductor layout are
where R i and R 0 represent the inner radius and the outer radius of the inductor, respectively. Due to the nature of the circular spiral structure, it is not straightforward either to draw a quick layout for em simulation or to decide the total length, which is key to model other parameters of an inductor. Further, in most of the reported cost-effective MCM technologies (except costlier thin-film-based MCM-D, deposition technology), including laminate (L), ML organic (MLO), and low temperature cofired ceramic (LTCC) [3] - [9] , there are limitations in realizing fine conductor geometries. Due to that, either the size of an inductor becomes large or miniaturization is achieved mostly by exploring the ML capability, which introduce parasitics, reducing SRF, and hence frequency of operation [8] , [10] . This causes difficulties in realizing highvalue inductance with high SRF. For a ML inductor, a large area is occupied by the buried vias, whereas keeping the footprint on the surface layer minimizes the dielectric loss due to propagation of part of the fields in the air [9] . Thus, to optimize the performance of an inductor, modern photoimageable thick-film (Pimage-TF) technology with thin dielectric layer and fine conductor geometries, as well as thick metallization, has been demonstrated as highly suitable [5] , [11] . This advanced process is cost-effective, straightforward, and compatible with many fabrication processes, including LTCC. The process has been used to realize high performance ceramic-based various transmission lines, a wide 2156-3950 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. range of lumped and passive components and circuits up to 110 GHz [11] - [16] , including development of a highly compact MCM receiver at 60 GHz [5] . Furthermore, the technology is being demonstrated, as a highly suitable approach, to realize cost-effective microwave and millimeter-wave MCM and SOP modules [5] , [15] .
Here, a large number of CPW planar circular spiral inductors are developed, characterized, and modeled on ML Pimage-TF MCM technology with remarkably high performance, miniaturization and up to very high value of inductance as well as SRF. A simplified layout generation technique, without use of any computational methods [16] , and closed form expressions have been proposed for EM/layout-based design of a circular spiral inductor. Furthermore, for the first time, the impact of different conventional MCM technologies on the CPW spiral inductor's key parameters has been detailed, the reported highest performances are compared, and the superiority of the proposed technology has been demonstrated.
II. THEORETICAL ANALYSIS AND CLOSED-FORM EXPRESSION
The test structures were fabricated in photoimageable advanced thick-film technology [11] , [12] on a ceramic (Alumina) base substrate (CoorsTek ADS-96R) using a conventional off-contact screen printer. A cross-sectional view of the six layer process used for integrated passive components is shown in Fig. 1 . Layers of photoimgeable dielectric paste (HD1000) and low-loss silver conducting paste (HC4700) were printed alternately using screen printing technique.
A. Derivation of Novel Closed-Form Expression
As shown in Fig. 2 , R i , S i , W i , and R g are the inner radius, line space, line widt h, and the center to the ground plane radius, respectively. The inductors have been constructed by a number of semicircles with increasing radius and toggling the center between two points, which are separated by inner radius (R i ). The diameter of the first semicircle of the first turn is Here, n corresponds to the number of turns and m is to represent the first (m = 1) or the second (m = 2) semicircular trace of a turn. Diameter for the second half cycle of the first turn (n = 1, m = 2) can be written as
Likewise, the diameter of the first semicircle of second turn, can be expressed as
Similarly, for N turns there are 2 × N semicircular traces and the total length can be written as
Here, the last term gives the highest radius (R o ), which is the second semicircle of the Nth turn and can be expressed as
and
Furthermore, for an N turns coil with conductor to ground gap of W g and the center of the coil to the ground plane radius R g from (7) can be written as
From (10), one can get accurate length of the trace of a circular spiral inductor from inner radius (R i ), spacing (S i ) and width (W i ) of the conductor track and the same can be used for the layout generation and EM-based design and optimization of an inductor performance in a ML MCM circuit. 
B. Parameter Extraction
The one-port lumped element equivalent circuit model and the two-port circuit model for the inductors on the ML MCM are shown in Fig. 3 , whereas Fig. 4 shows the microphotograph of some of the fabricated CPW circular spiral inductors fabricated on a ML photoimageable substrate. In the circuit, R s models the metal trace resistance, L presents the inductance, and C c , C p1 , and C p2 models capacitive coupling effects. C c models the coupling between turns of the coil and C p1 and C p2 represent the parasitic coupling between the coil and the surrounding ground at the input and the output, respectively. Here, the input is connected with an underpass, and the output is on the top layer. Due to the presence of the underpass, C p2 is considerably different from C p1 for a low-value inductor.
From the circuit model, the effective impedance is represented in terms of circuit parameters as
The series resistance (R s ) and the equivalent inductance (L e ) of the spiral inductor, derived from the input impedance are
Again, from the admittance parameters we can find the series inductance (L)
For the circular spiral inductor, the series inductance (L) and the equivalent inductance (L e ), which is the effective inductive reactance due to parasitics, can be extracted from the two-port S-parameters. The series resistance (R s ) is calculated with the equations of skin effect resistance of the equivalent rectangular conductor and can be expressed as [6] 
where, R sh is the sheet resistance of the trace ( /sq), K = 1.5 empirically, W i is the width of the coil, and l is the total length of the inductor.
III. INDUCTOR FABRICATION AND MEASUREMENT RESULTS
Inductors are realized for different turns and inductance. For an N turns inductor, the structure was designed using incremental radius of 2N semicircular traces of diameters calculated from (4) and (5). The outer radius (R o ) and the center to the ground plane radius (R g ) were calculated from (9) and (11), respectively. To avoid the influence of the ground plane on the inductor value, the track to ground gap (W g ) is kept large. The initial values of inductance were estimated using the closed form (10) and the EM simulator and accordingly the inner radius (R i ), strips width (W i ), and slots width (S i ) were optimize. For different inductors, the physical dimensions and some of the major parameters have been shown in Table I . In a CPW structure, parasitic is less due to negligible substrate capacitance. Moreover, the gap between turns was increased (∼100 μm) to reduce the coupling capacitance, and to optimize the size, the track width (W i ) was set to 20 μm.
The two-port S-parameters for the lumped elements were measured using an HP8510XF vector network analyzer and cascade microtech coplanar ground-signal-ground probes of 100-μm pitches. The parameters were extracted based on measurement data for different CPW inductors, fabricated in the ML-thick-film process. The deembedded S-parameters were used for parameter extraction. The variation of extracted C p1 with frequency for a loop, single turn (1T), 1.5 turns single layer (SL) (1.5T), 1.5 turns (1.5T DL), 5 turns (5T), and 8 turns (8T) inductors, are shown in Fig. 5(a) and (b) , respectively, whereas Fig. 6(a) and (b) compares the extracted difference between C p1 and C p2 for 1T and 5T inductors. This captures the asymmetry of the structure due to the presence of the underpass. However, this difference is not significant in the case of a loop, due to its planar structure, and also for the high value inductors. For the 5T inductor, due to its large track area, the total C p is much larger than the contribution due to underpass, as shown in Fig. 6(b) . Fig. 7 (a) and (b) compares the measured and modeled magnitude and phase of S 11 for the 5T CPW circular spiral inductor on ML MCM. A comparison of the tested performances for the 1.5T SL and double layer (DL) inductors are presented in Fig. 8 . This shows that toward low frequency the inductances (L/Le) are similar for both of the inductors, but the parasitic coupling capacitance (C p1 ) is higher in DL inductor than that in a SL inductor. In a DL inductor, fields are more confined inside dielectric, whereas in a SL a part of the fields propagates in the air. Thus, a DL structure suffers from additional dielectric loss and also losses from a large number of buried interlayer interconnecting vias. For the DL inductor, due to increase in parasitics, with frequency the inductive reactance changes more rapidly and hence provides a lower SRF than that for the SL inductor.
The physical dimensions and major parameters for different inductor geometries are listed in Table I . As the size of a inductor increases from loop to 8T, the inductance (L) increases from 0.6 to 31 nH, whereas the Q and SRF decrease from >110 to 30 and >40 to 2 GHz, respectively. The comparison between the extracted (measured) and simulated inductance (L) and (L e ) for 5T and 8T inductors are shown in Figs. 9 and 10, respectively. Fig. 11 compares the measured and the modeled inductance (L) for the inductors with various turns (1T, 1.5T, 5T, and 8T) , whereas the extracted and the modeled S 11 for 5T and 8T inductors have been compared in Fig. 12 . From these results, a good agreement is observed between the model and the measurement. At the same time, as shown in the microphotographs (Fig. 4) the coil size for the 31 nH inductor is only 1.6 mm × 1.6 mm × 0.7 mm, which demonstrates one of the highest levels of miniaturization and inductance value ever reported in a conventional thickfilm-based MCM technology. The lumped-element modeled parameters, R s , C p1 , C p2 , and L, for various inductors, are listed in Table II . Presented results demonstrate that using the new layout generation technique and the closed form equation high quality circular spiral inductors can be realized on advanced ML-thick-film ceramic-based substrate with high miniaturization and SRF. 
IV. PERFORMANCE COMPARISON WITH OTHER TECHNOLOGIES
A. Technology Impact on Multilayer MCM/SOP Inductor Performance
In most of the reported MCM techniques (MCM-L, LTCC, MLO, and LCP) due to limitations on the conductor geometric resolution, high-value inductances are realized by distributing inductor track in multiple layers [3] - [9] . For a multiple layered (>2 layers) inductor, large area is occupied by the buried vias, whereas a planar structure keeping the footprint on the surface layer, minimizes the dielectric loss due to part of the fields' propagation in the air [9] . The inner radius (R i ), line width (W i ), separation between turns (S i ), and number of turns (n) are the main physical parameters determining the value of an inductor. The length (l) is the most important determinant of inductance value, which is followed by the line width (W i ). For a practical structure, inductance is weakly dependent on metal thickness. For same inductance value, a wider inductor requires a longer length than that for a narrower one.
In general, the technology which provides thinner metal is associated with a narrower width compared with those which offer thicker metal. The tradeoff is that the inductor with a large conducting cross section will provide a low resistance (R s ); consequently a better Q, but due to its large footprint, parallel ground capacitance, C p, is larger, leading to a lower SRF. The proposed advanced thick-film technology, with its special kind of material and in combination with advanced fabrication process, can provide a thick metal layer as well as a narrow track width. Therefore, this technology offers a unique potential to realize a very high-value inductor on the surface layer (like in thin film technology), yet providing a much higher SRF and compactness as well as the inductance value, compared with most of the conventional thick-film MCM/SOP technologies reported so far. After considering the shrinkage in the design stage, the effect of process variation on metal-thickness and line-width might not have significant influence on a spiral inductor. 
B. MCM/SOP Technologies and Comparison of Inductors Performance
Comparisons of compactness and some of the achieved highest performances for inductors in different MCM technologies, including MCM-L (laminate), LTCC, LCP, MLO, and Pimage-TF are shown in Tables III and IV. Table III compares different parameters, including compactness, in terms of inductance (nanohenry) per foot-print area (on the surface layer, mm 2 ), and the highest inductance value (L) achieved in different technologies. This clearly demonstrates that the highest value inductor, 31 nH, with a highest inductor density, 15 nH/mm 2 , can be achieved in Pimage-TF technology. This compactness is shown better than those reported in laminate and MLO technologies. In LTCC, with conventional thick-film technology even a medium value inductor (16.6 nH) required as high as six layers, yet the inductor density (with respect to footprint on the top layer) is >10 times lower, and at the same time SRF and Q are worse than those for the proposed advanced thick-film technology.
Table IV compares the reported highest achieved SRF (gigahertz) for similar value of inductance in various MCM technologies. When on Pimage-TF a 1.3 nH inductor provides an SRF of 15 GHz, then on LTCC (for 1.2 nH) and MLO (for 1.8 nH) provides SRF of 7.2 and 9.8 GHz, respectively. This reveals the superior performance and suitability of Pimage-TF technology for high frequency (millimeter-wave) MCM/SOP applications, where a required inductance can be realized within a much smaller foot-print (on top-layer) and with higher SRF. Furthermore, the presented results demonstrate that the circular spiral inductors can be realized on advanced ML Pimage-TF technology with high miniaturization, SRF, and inductor density, which are comparable with costlier thin-film technology [6] , [20] and are better than most of the reported results in conventional thick-film-based MCM, including ceramic-based LTCC, laminate, LCP, and MLO technologies. 
V. CONCLUSION
A wide range of precisely defined embedded CPW circular spiral inductors have been developed, modeled, and characterized with remarkably high performance and up to a very high SRF and inductance density for thick-film-based cost-effective microwave and millimeter-wave MCM/SOP applications. The inductors are realized using a new and simplified layout generation technique with closed form expressions. The measured performances have been compared and shown to be better than most of the reported results in conventional thick-film-based MCM technologies, including MLO, laminate (MCM-L), and LTCC.
